Patients with degenerative disc disease (DDD) experience serious clinical symptoms, including chronic low back pain. A series of therapies have been developed to treat DDD, including physical therapy and surgical treatment. However, the therapeutic effect of such treatments has remained insufficient. Recently, stem cell-based therapy, in which stem cells are injected into the nucleus pulposus in degenerated intervertebral disc tissue, has appeared to be effective in the treatment of DDD. In the present study, the effect of adipose-derived stem cells on degenerated nucleus pulposus cells was investigated using a co-culture system to evaluate the biological activity of degenerated nucleus pulposus cells. Human degenerated nucleus pulposus tissue was obtained from surgical specimens and the adipose-derived stem cells were derived from adipose tissue. The degenerated nucleus pulposus cells were cultured in a mono-culture or in a co-culture with adipose-derived stem cells using 0.4-µm Transwell inserts. The results indicated that adipose-derived stem cells were able to stimulate matrix synthesis and the cell proliferation of degenerated nucleus pulposus cells, promoting the restoration of nucleus pulposus cells in the degenerated intervertebral disc.
Introduction
Diseases of the lumbar intervertebral disc (IVD) affect the majority of the adult population, causing back pain, sciatica, disc herniation and spinal stenosis, in addition to other distressing and disabling spinal symptoms (1) (2) (3) . The IVD contains two sections: The annulus fibrosus (AF) and the nucleus pulposus (NP) (4) . The AF is a ring of flexible fibrocartilage, which surrounds the soft center consisting of the NP. The IVD acts as a shock buffer when the spine encounters compression (5) . It has been reported that IVD degeneration initiates in the NP with cellular loss, proteoglycan content breakdown and decreased water-binding capacity (6) .
Current therapies for the treatment of IVD disease include non-invasive and invasive therapies, which are able to relieve the symptoms, but not resolve the condition completely (7, 8) . Methods for increasing the proliferative capacity and matrix synthesis of NP cells (NPCs) include gene therapy and cell therapy (9, 10) . Among them, regenerative medicine based on cell therapy is one of the most promising approaches in the treatment of IVD disease (11) . Gruber et al (12) attempted to use autologous disc cell implantation to treat the disc degeneration in a sand rat model. Okuma et al (13) reported that the re-insertion of stimulated NPCs retards IVD degeneration. However, autologous disc cell transplantation is difficult, as it is, at present, not possible to harvest a high quantity of autologous disc cells from a single IVD, which would cause damage to the donor site. Recent advances in cellular and molecular biology indicated that stem cells exhibit great potential to be applied in cell therapy (14, 15) . Stem cells are able to differentiate into different types of cells, including osteoblasts, chondrocytes, adipocytes, cardiomyocytes, hepatocytes and epithelial cells (16) . By contrast, stem cells secrete a large quantity of growth factors, which are vital in cell therapy (17) (18) (19) . A number of studies have suggested that mesenchymal stem cells (MSCs) may be used in the treatment of IVD diseases (20) . Yamamoto et al (21) observed that bone marrow-derived stromal cells may improve the viability of NPCs and direct cell-to-cell contact in a co-culture system between NPCs and bone marrow MSCs (BMSCs), accomplishing a significant increase in the viability of NPCs. Wei et al (22) demonstrated that rodent BMSCs were able to differentiate into IVD-like cells following co-culture with rat disc tissue. Sun et al (23) noted that ADSCs protect compressive load-induced NP cell death and degradation by inhibition of activated caspase-9 and -3 activity in the co-culture system. Therefore, in the present study, the effect of adipose-derived stem cells (ADSCs) on degenerated NPCs was investigated using a co-culture system, and the viability of NPCs following co-culture with BMSCs was determined, in order to evaluate the potential application of BMSCs in the treatment of IVD diseases.
Materials and methods
The present study was approved by the Institutional Review Board of the General Hospital of Chinese People's Liberation Army (Beijing, China) and informed consent was obtained from all patients.
Cell isolation and culture. The human adipose tissue was harvested from patients who had undergone lipoaspirate procedures. To harvest ADSCs, the obtained tissue was washed with phosphate-buffered saline (Gibco Life Technologies, Carlsbad, CA, USA) to remove red blood cells, cut into small sections and then digested with 0.075% collagenase (NB4; SERVA Electrophoresis GmbH, Heidelberg, Germany) for 60 min at 37˚C. The digested tissues were filtered using a 200-µm filter to remove tissue debris and obtain a single-cell suspension. The cell suspension was centrifuged at 250 x g for 10 min, and the pellet was then re-suspended in Dulbecco's modified Eagle's medium containing 10% (v/v) fetal bovine serum (Hyclone, Logan, UT, USA). The cells were seeded in 100-mm tissue culture dishes at a density of 2x10 4 cells/cm 2 and cultured at 37˚C in a humidified incubator with 5% CO 2 . After 7-10 days, adherent cells were trypsinized (Gibco Life Technologies) and sub-cultured as described previously (24) .
Degenerated NPCs were harvested from NP tissues, which were obtained from the DDD patients undergoing surgical procedures as described previously (24) . NPCs at passage 2 were used in the present study.
Groups.
A six-well culture plate (Costar ® , Corning, Inc., Corning, NY, USA) and Transwell ® inserts (Corning, Inc.) were used for the co-culture. The Transwell insert used in the present study consisted of a polyethylene terephthalate track-etched membrane with 0.4-µm pores at the bottom, which prevented cell migration. The study groups consisted of the control group (NPCs seeded onto the Transwell) and the experimental group (NPCs seeded onto the Transwell and ADSCs seeded onto a six-well plate).
A total of 1x10 4 NPCs or ADSCs at passage 2 were seeded in each group. The medium was changed every 2 days.
Cell proliferation. Cell proliferation was determined using the Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan). A total of 10 3 NPCs from the two groups in 100 µl were seeded into every well of the 96-well plate. After 12 h, 10 µl CCK-8 solution was added into each well. After a further 4 h, the absorbance of the supernatant was measured spectrophotometrically at 450 nm (Evolution™ 201 UV-visible Spectrophotometer; Thermo Fisher Scientific, Waltham, MA, USA). The level of cell proliferation at days 1, 3, 5 and 7 was assessed. Cell counts were determined using a calibration curve. 
DNA and glycosaminoglycan (GAG
Sox-9, sex determining region Y-box 9; F, forward; R, reverse.
tubes (cat. no. Q32856, Life Technologies) and measured on the fluorometer. Prior to taking the measurements, a two-point calibration curve was established using the supplied standards with the kit, at 0 ng/µl and 10 ng/µl. Samples that fell below the limit of quantification of 0.5 ng/ml (0.1 ng/µl, diluted 200-fold) were not reported by Qubit. The contents of GAG were measured using a Blyscan assay kit (Biocolor, Carrickfergus, Northern Ireland) as described previously (25) .
Telomerase activity. The telomerase activity was determined using a telomerase polymerase chain reaction (PCR) ELISA kit as described previously (26) . Following incubation for 7 days, the NPCs from the two groups were homogenized in a lysis buffer [(0.5% CHAPS, 10 mM Tris-HC1 (pH 7.5), 1 mM MgCl 2 , 1 mM EGTA, 5 mM β-mercaptoethanol, 0.1 mM AEBSF and 10% glycerol)] and centrifuged at 3,000 x g for 10 min. The extracts were subsequently subjected to a telomeric repeat amplification protocol. The elongated fragments were then amplified using PCR. The PCR products were detected and quantified by performing ELISA according to the manufac turer's instructions and the results were normalized to those obtained for a standard.
Differentiation characteristics of NPCs. The relative expression of sex determining region Y-box 9 (SOX-9), aggrecan and type II collagen was measured in the two groups at days 7, 14 and 21 to evaluate the differentiation characteristics of NPCs. RNA was extracted from co-cultured NPCs and control groups (NPC mono-culture) using TRIzol reagent (Invitrogen Life Technologies), according to the manufacturer's instructions, and reverse transcribed (5 µg) into cDNA using BioScript TM reverse transcriptase (Bioline, Taunton, MA, USA), according to the manufacturer's instructions. Reverse transcription-quantitative PCR (RT-qPCR) was used to evaluate the expression of the cartilage-specific genes SOX-9, aggrecan and type II collagen. The primer sequences (Beijing Sunbiotech Co., Ltd., Beijing, China) are listed in Table I and the cycling parameters were as follows: Denaturation at 94˚C for 2 min; 40 cycles at 94˚C for 15 sec and 60˚C (or 5˚C below melting temperature) for 1 min. Amplification reactions were performed in duplicate and the quantity of cDNA in the reactions was normalized with an internal control, the constitutively expressed gene GAPDH. The specificity of the amplification of the expected DNA fragments was confirmed on 2% agarose gel electrophoresis and by analysis of the melting curves. An amplification reaction control with no reverse transcriptase enzyme, termed RT-, was performed in order to assess the interference of potential genomic DNA in the RNA solution. Relative gene expression was calculated using the formula: ΔCT = CT GAPDH -CT target .
Level of growth factors in supernatants. ELISA was used to quantitatively determine the levels of transforming growth factor (TGF)-β1 and insulin-like growth factor (IGF) in the supernatant in the two groups at different time-points (27) using the TGF-β1 human ELISA kit (cat. no. ab100647, Abcam, Cambridge, UK) and the IGF1 human ELISA kit (cat. no. ab100545, Abcam).
Statistical analysis.
One-way analysis of variance was performed using SPSS 12.0 (SPSS, Inc., Chicago, IL, USA). If the analysis of variance indicated a significant difference (P<0.05) between the groups, the difference was evaluated using the least significant difference test. Values are expressed as the mean ± standard deviation.
Results

Co-culture with ADSCs enhances proliferation of NPCs.
The number of cells increased gradually in the two groups with increasing culture time. The cell yields in cultured NPCs exhibited an increase in the control and experimental groups. No significant difference was identified between the two groups on the first day; however, a significant difference appeared as the time period increased (days 3, 5 and 7; P<0.05) (Fig. 1) .
ADSCs enhance telomerase activity in NPCs. NPCs cultured in the co-culture group exhibited a higher level of relative telomerase activity (44.9%) as compared with that in NPCs in the mono-culture group (21.1%), and a significant difference was identified between the two groups (P<0.05) (Fig. 2) .
GAG and DNA content of NPCs are increased in co-culture with ADSCs. The results from the DNA content analysis showed a marked increase in DNA content in the co-culture group following 5 and 7 days of culture, and were therefore consistent with the results regarding the level of proliferation (Fig. 3A) . Co-culturing of NPCs and ADSCs resulted in a significant increase in total GAG as compared with that in the NPC mono-culture (P<0.05) (Fig. 3B) .
Expression of genes associated with differentiation is enhanced
in NPCs in co-culture with ADSCs. The gene expression of type II collagen, aggrecan and SOX-9 reflects the chondrogenic differentiation of NPCs. Fig. 4 demonstrates that the expression of type II collagen, aggrecan and SOX-9 was upregulated with increased culture time. Compared with the mRNA levels in NPC mono-culture, the NPCs in the co-culture groups exhibited a significantly higher gene expression (P<0.05).
ADSCs secrete growth factors during co-culture with NPCs.
The levels of TGF-β1 and IGF-1 in the supernatant in the co-culture group was higher than that in the NPC mono-culture group, which indicated that ADSCs secrete growth factors during the co-culture process.
Discussion
Stem cell-based cell therapy provides a novel promising treatment for IVD disorders. In previous years, there have been an increasing number of studies focusing on the treatment of IVD disorders, particularly those using BMSCs. BMSCs have been observed to have the capability of differentiating into mesenchymal tissues, including chondrocytes, adipocytes, osteoblasts, hepatocytes and epithelial cells, among others (28, 29) . In addition, BMSCs may secrete growth factors, which would feed or nurse other cells. Certain studies have demonstrated that the restoration of BMSCs may improve IVD degeneration (30) . Therefore, in the present study, the improvement of the biological and metabolic viability of degenerated NPCs following co-culture with BMSCs in a co-culture system was evaluated.
The results of the CCK assay indicated that degenerated NPCs in the co-culture system exhibited a greater level of proliferation than those in the NPC mono-culture. Certain studies have revealed that stem cells may promote the proliferation of other cells (26, 31) . This may be explained by the finding that stem cells secrete various growth factors, chemokines and cytokines, which have paracrine and autocrine activities, and these secreted bioactive factors suppress the local immune system, inhibit fibrosis (scar formation) and apoptosis, enhance angiogenesis, and stimulate mitosis and differentiation of tissue-intrinsic reparative or stem cells (18) . Umeda et al (32) suggested that bone marrow cells are effective for increasing the proliferative and matrix synthesis capacity of NPCs. It is known that telomerase is induced in a primitive subset of progenitor cells and is downregulated upon further proliferation and differentiation of these cells (33) . This provided an explanation as to why the telomerase activity level of NPCs in the co-culture system was higher than that in the mono-culture group, as it was demonstrated that stem cell activity enhanced the viability of NPCs. Nelson and Chen (34) proposed the theory that cell-cell signaling by direct contact increases cell proliferation via phosphoinositide 3-kinase-dependent signaling. The co-culture may promote the proliferation, viability and phenotypic expression of cells by cell signaling pathways and the expression of specific adhesion molecules. This results in cell proliferation and an increase in cell viability, which was consistent with the results regarding the GAG and DNA content. The above results indicated that ADSCs may be ideal cells in the treatment of IVD degeneration, and the co-culture of NPCs with ADSCs significantly enhanced the biological activity of NPCs, including the enhancement of cell proliferation, DNA synthesis and GAG content.
In addition, ADSCs also affected the differentiation of NPCs. NPCs have a chondrocyte-like appearance and express marked levels of Sox9, type II collagen mRNA and aggrecan, appearing rounded and enclosed within a lacuna (35) . However, degenerated NPCs lose the chondrocyte sub-type with the downregulation of chondrocyte-associated genes. It has been reported that BMSCs are able to promote the restoration of the lost chondrocyte sub-type in de-differentiated chondrocytes. Therefore, the chondrogenic differentiation of degenerated NPCs was evaluated in the co-culture system, and the results were consistent with those of previous studies (36) . The expression of SOX-9, collagen type II and aggrecan in the co-culture group was higher than that in the control group at different time-points. The differentiation of NPCs was determined by ADSCs co-culture system, and TGF-β1 and IGF-1, which are considered major regulatory cytokines, secreted by ADSCs, are able to promote the chondrogenic differentiation of degenerated NPCs. Therefore, the levels of growth factors in the supernatant were assessed in the two groups, and the results showed that the growth factors secreted by ADSCs were present in the co-culture medium and therefore had an important role in the chondrogenic differentiation of NPCs. Sun et al (37) demonstrated that direct co-cultures of ADSCs and NP cells stimulated ADSCs differentiation into the NP cell phenotype.
In conclusion, the present study confirmed that co-culture of ADSCs and NPCs not only resulted in the increased proliferation and viability of NPCs, but also promoted the expression of type II collagen, SOX-9 and aggrecan genes, indicating that the injection of ADSCs into degenerative IVD may be a feasible and promising therapy in the treatment of IVD disorders.
